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ABSTRACT

Taiwan is an active mountain belt created by the oblique collision between
the northern Luzon arc and the Asian continental margin. The inherent
complexity of geological nature creates numerous discontinuities through rock
masses and relatively steep hillside on this island. In recent years, the increase
in the frequency and intensity of extreme natural events due to global warming
or climate change brought significant landslide and debris flow hazards in the
mountain area of Taiwan. The causes of landslides are attributed to a number of
factors. Notably, rainfall is well-known one of the most significant triggering
factors for landslides. In general, the rainfall infiltration could result in
changing the suction and the moisture of soil, raising the unit weight of soil,
and reducing the shear strength of soil for the shallow colluvium. Long-term
infiltration may result in weakening or creeping of slope formation material.
The stability of slope is closely related to the geological and topographical
conditions, the groundwater pressure change in response to rainfall infiltration,
and the physical and mechanical parameters of slope formation. Detailed site
investigation and observation using the state-of-the-art technology will be
performed on active landslide from the study area to clarify the occurrence of
landslides induced by the change of hydrologic conditions during heavy
rainfall.

This study is aimed to better understand the mechanism of triggering
landslide hazards so that casualties and property damages can hopefully be
reduced in the occurrence probability of natural disasters in the future through
the appropriate disaster prevention planning we proposed. The project is a
5-year integrated study and the site investigation in the past year focuses on the
Chashan and Chexinlun potential large-scale landslide (D160 and D008). The
Fanfan potential large-scale landslide (D007) is selected as the study site in
2019 year. The work scopes of the project contain: (1) hydrogeological
investigations on the site; (2) establishment and verification of the
three-dimensional hydrogeological model; (3) construction of slope activity
evaluation system; (4) deformation mechanism analysis under dynamic
hydrological condition; (5) continuation observation and refined analysis of
Chexinlun site. It is expected that the complex phenomenon between the
stability of landslides and hydrogeological conditions can be revealed and
clarified through the detailed study on the hydrogeological investigation,
observation and the numerical simulation.

This study deploy a comprehensive monitoring network consisting of
seismic, geotechnical (time domain reflectometer, TDR), geodetic (real-time

kinematic measurement, RTK) and hxdrological gground water level gGWin
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shallow water content) instruments on a slow-moving landslide site. The
borehole drilling, geological and geophysical (seismic reflection profile and
resistivity images) investigations provide the surface-to-subsurface structure
and movements of landslide area, and can also be used to find possible sliding
surface. With the available knowledge of landslide structure, we further built
the hydrogeo-conceptual model and validated the model by fitting the observed
GWL and shallow water content, which are the crucial input parameters to
analyze the possible triggered factors of landslide failure. A series of the
scenario testing can quantify the safety factor of landslide based on different
conditions, including earthquake forcing, ground water level and precipitation.
A main purpose of this five-years project is not only to illustrate the possible
failure mechanisms for the specific landslide areas, but also to develop
innovation-monitoring technique for landslide hazards.

In Fanfan site, TDR slope monitoring system has successfully observed
the slope deformation at the 108-D0072T site. The slope deformation was
found to be located within the shear zone of the 108-D007-2T borehole. The
peak reflection coefficient of the TDR signal reflected the trace of slope
deformation within several days after two relatively heavy precipitation events.
Based on the dv/v resulting and TDR measurements observed at the
108-D007-Fanfan site, Our study noticed that the dv/v increasing before the
TDR movement, and then decreasing after sliding movement. Finally, the dv/v
value recovers a few days later. Aforementioned pattern of temporal changes in
dv/v can be clearly observed in the frequency bands of 2-6 Hz and 6-10 Hz.
The origin of such dv/v measurement is inferred at the depth 21 m as the basal
sliding interface. The results of shallow sliding analysis show that: (1) in the
normal and high water level scenarios, the safety factor obtained in each zone
is greater than 1.0, and the initial judgment belongs to the relatively stable state;
(2) in the earthquake scenario, the A1 mass in LM may slide, the volume of Al
slide is about 1,639,650 m®; (3) when the water level of the 108-D007-1W rises
to 21 meters below the surface or the PGA exceeds 290 gal, it may cause the
local landslide. Based on the above analysis results, this project further
evaluates the influence zone of the potential sliding mass of Al on the
downslope. The analysis shows that after the destruction of potential sliding
mass of A1, there is no direct impact on the YingShih village.

In Chexinlun site, according to the observations (the monitoring began in
July 2018), no significant changes or trends have been found in the Chexinlun
site. However, in the August 2018 rainstorm event, the shallow soil water
content increased by about 8%. The groundwater level was raised by nearly 2

meters, and the apparent signal enhancement was measured. Results of the
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relative seismic velocity variations (dv/v) can be derived from the methods of
station pairs and/or single station. Resulting of dv/v of two stations represents
the mean value along the wave propagation path: for the 107-D008-Chexilun
site, there is the GWL of 2 m changes, coinciding with the 0.5 % of dv/v
variance (station pairo f V02-V03). The dv/v results derived from single station
indicate the changes of subsurface medium beneath single station: for the
107-D00-Chexinlun site, the dv/v reduction of 1.0 % can be measured during
the GWL of 2.0 m increasing. Our study concluded that the method of single
station can provide better understanding the relation between dv/v and GWL.
For the Chexinlun landslide site, the large-scale landslide regions with
collapsed volumes of 1.14x10° m® (region A) and 2.74x10° m® (region B)
would be probably triggered by the GWL and seismic forcing. The triggered
thresholds of GWL and ground shacking are 18 m and 300 gal, respectively.
Based current observations of comprehensive monitoring system, there is no
movement during the monitoring period. The dv/v measurements exhibited the
largest reduction of about 0.5%, coinciding with the intense rainfall.

KEYWORDS: hydrogeological investigation, groundwater, slope observation,
deformation mechanism
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Figure 2.1.4-8 Response of heat-pulse flowmeter measurement (L) upward
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Table 2.1.4-2 Types of different injection methods for packer test and their
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Table 2.2.2-1 Oservation well construction information at DO07 Fanfan site
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Figure 2.2.4-1 Types of different discontinuous and their orientation
distribution along depth (borehole 108-D007-1W)
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Figure 2.2.4-2 Types of different discontinuous and their orientation
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Figure 2.2.4-3  Sterographic projection analysis of discontinuous and their
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Figure 2.2.4-5 Comparison of dip angle variation of fracture and cleavage
between rockcores and televiewer logging data in the borehole 108-D007-1W
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Figure 2.2.4-6  Comparison of dip angle variation of fracture and cleavage
between rockcores and televiewer logging data in the borehole 108-D007-2T
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Figure 2.2.4-7 Simulation of 3D borehole image using the reflected sonic
amplitude of the borehole 108-D007-1W
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Figure 2.2.4-8 Simulation of 3D borehole image using the reflected sonic
amplitude of the borehole 108-D007-2T
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Figure 2.2.4-9 The integrated logging data of borehole 108-D007-1W
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Figure 2.2.4-10 The integrated logging data of borehole 108-D007-2T
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Table 2.2.4-3 Results of packer test (borehole 108-D007-1W)

o | HE | B® | #m | ®Z® | L . | Bk [FEK]| 5K
RERRE x| 2r [2a lws | Y sk | sk | sk
(m) - (m) - - Al | K(ms) [Ss@/m)| S
53.0-54.5 |42 | 15 ‘L”:P Barker | Confined | 5.2x10° | 1.0x10° | 1.5x10°
66.8-68.3 |3tz | 15 I‘f EP Barker | Confined | 7.5x10° | 1.0x10° | 1.5x10°
39.0-80.0 | ¥ #+f3 | 41.0 Lf j Barker | Confined | 1.1x10 | 1.0x10°® | 4.1x10°
46.0-800 |4 1% | 340 | (| Barker | Confined | 15x10* | 1.0x10° | 3.4x10°
61.0-80.0 | ¥+ | 19.0 I‘f EF Barker | Confined | 1.4x10° | 1.0x10° | 1.9x10°
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Table 2.2.5-2  Qutcrop resistivity
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B ofL o 7 FE %560 ohm-m | F
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ERT-1 Resistivity Section
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Figure 2.2.5-1 Result of 2D ERT profile108-D007-ERT-01
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Figure 2.2.5-2 Result of 2D ERT profile and NG values
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(2) 108-D007-ERT-02 = %

ERT-2 Resistivity Section
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Iteration =8 RMS =3.68% L2=0.18 Electrode Spacing =3 m
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Figure 2.2.5-3 Result of 2D ERT profile108-D007-ERT-02
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ERT-3 Resistivity Section
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Figure 2.2.5-4 Result of 2D ERT profile108-D007-ERT-03
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Figure 2.2.5-5 Result of 2D ERT profile108-D007-ERT-04
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Figure 2.2.5-6  Section of 2D ERT Grid Map
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Figure 2.2.5-7 Inferring fault zones from the results of ERT method
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Figure 2.2.5-8 Joint interpretation of ERT and MASW results
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Figure 2.2.6-3 Section of MASW4 shear wave velocity
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Table 2.2.8-1 A comparison between the results of double-packer test and the
estimation model of 108-D007-1W
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Figure 2.2.8-1 Variation of hydraulic conductivity with depth in the borehole
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Figure 3-1 Analysis process of three-dimensional groundwater flow model for
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Figure 3.1.3-2 Boundary condidtion of D007 Fanfan site
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Table 3.1.4-1 Simulation parameters of soil water characteristic curves for
D007 Fanfan site
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Figure 3.1.4-1 Analysis results of parameters of soil water characteristic

curves for D007 Fanfan site
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Figure 3.1.5-2 Relationship between hydraulic head and rainfall data of
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Table 3.2.2-1 Calibrated parameters of three-dimensional groundwater flow
model for D007 Fanfan site
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~ =3 ©
By 1.0x10 1.0x10 0.35
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bk 5x10 1.0x10° | 0.08
e HEHHE | 3x10 1.0x10° | 0.08
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Figure 3.2.2-1 Variations of pressure head and water content of
three-dimensional groundwater flow model for D007 Fanfan site
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Figure 3.2.2-2 Comparison between results of estimated and observed
hydraulic head at normal and high groundwater level situations of
108-D007-1W
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Figure 3.2.2-3 Spatial distribution of three-dimensional groundwater flow at
normal situation for Fanfan site
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Figure 3.2.2-4  Spatial distribution of three-dimensional groundwater flow at
relative higher groundwater level situation (108/9/30) for Fanfan site
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Figure 4.1.2-1 TDR measurement system schematics
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Figure 4.1.2-2 TDR measurement system and signal transceiving schematics
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Figure 4.1.2-3 TDR deformation monitoring reflection signals and working
principle
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Figure 4.1.2-5 Standard installation procedure for TDR deformation
monitoring cable
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Figure 4.1.2-6 In-situ installation of TDR deformation monitoring cable in
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Figure 4.1.2-7 In-situ installation  Figure 4.1.2-8 In-situ installation
of TDR deformation monitoring setup of the monitoring system
cable in 108-D007-3T casing in 108-D007-3T
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Figure 4.1.2-9 Decagon soil moisture content sensor GS3
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Figure 4.1.2-10 Installation condition ~ Figure 4.1.2-11 Completion of the
of the shallow layer soil moisture moisture content monitoring system
content monitoring system in installation in 108-D007-3T
108-D007-3T
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Figure 4.1.2-12 Schematics of automated groundwater data logger installation
condition
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Figure 4.1.2-13 Heron dipper logger NANO automated groundwater data
logger
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Figure 4.1.2-14 Schematics of Heron dipper logger NANO automated

groundwater data logger installation setup (amended from the manufacturer
manual)
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Figure 4.1.2-15 Installation process of Figure 4.1.2-16 Completion of
automated groundwater data logger in automated groundwater data logger
108-D007-1W installation in 108-D007-1W
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W 4.1.2-17  108-DO07-AW -k 23" % [ 4.1.2-18 108-DO07-4W -k i3+
AEAT " ThEz1F R

Figure 4.1.2-17 Installation process of Figure 4.1.2-18 Completion of
automated groundwater data logger in - aytomated groundwater data logger
108-D007-4W installation in 108-D007-4W
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GPS ZTRIZRE > FPRFERV Lo 28502 2 RTR o iT# K
PREREFERLRE)E BA Y EHARAEERT EnERF L E
#41(Chen etal., 2013; Chao et al., 2016, 2017) ~ B A HILFFE L a7 7
(Mainsant et al., 2012) o R4 3% T RIB T $15 B AL 35 0 TR &R B iR
AR ATz E (L) BHAME TR (FE10°m) (2 BRERRE
F(* 4, 100-1000 FA gE)~ (3) RF (s 2 % X2 T - L ipgky
WER S RBCHS R MFEFRGFL AT **‘f??b;}”f‘*“—“ﬁ % ERE
FLo A IR M 2 PR TS 2 B EE TR o

APFT EDPHFDT > FPEY A R R P E (e

PR EFIF ER P ERTE) R FERNFRATRBNEY 2
AEFEPFROBERFRERE LN REFER BT 2 EEHIRIA
Z A B o TR L R B F P
(1) &4E» B & (Broadband Seismometer * BB)

AIFHET ORHEE AR S A%KA 0 ~ % i Guralp CMG6TD (E%]
4.1.3-1)¢2 Trillium Compact (%] 4.1.3- 2)o e i” CMG-6TD ehig BH¥ e 2
AR e RAP RR b"%%*u;%:ﬁﬁn 0.01- 301/"}{‘#
B’»ﬁ"ﬂé;pv%] 554 1-250 8L - p 2 ACB T RE G AR @ F KR & GPS pF
AR EE - P22 24 126dB o R RBRE A YA
2x1200 Volt/m/s » 248 & & 5 0.957 1 Volt/Count > 32345+ & Bl # 5| #F
B 5 04nm/Counte R B BA B FHRHPF-BEHR ZBLE R -
BN o B LA AR YR RGIRB o ~*FL1‘;;1 ® /& 15.4cm ~
% 242cm 2 £ 3kg A R GET -RFEF FHEF - ERE TR 10-24
\olt » & B+ # (T8 Ii;pa%] -10-75°C o p3RpF4E ¢ iaaﬁé"#ﬁfﬂ? A
TCXO & DCXO,f& 2z R 7 :E<lppm- i it p # 22 GPS B?«‘Fé‘*a‘rd{%mfﬁ’?%‘*
oy o2 REXERE- B GPS E%Fé‘*#%ﬂi“g,ﬁ’ofs'ﬂ%)i 15 2 ¢ T mpE
B RRPFEFEALAH0001 fip T B Rr RRFEEE c£RH G
9 % 0.9 Watt » 12Volt 47 % 74 (45Ah) » {7 11 * 25 % o
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(a) Guralp CMGGTD %&tg # ﬁxi 2 H3p rﬁg ﬁo

() ki # A&k FHi 7 & M d)¥ BGh2EXTLE 2 “’1‘511\*%
T kA

@) 7# Bl =3 12VAE T (f)f«,;uh o AR R
B ERENER e 7. GPS %% =% 77 % B

B 4131 T4 R GHE CMGETD & Bfe® 2 fii 3 % £inde7 2 B
Figure 4.1.3-1 The flow chart of instrument Guralp CMG6TD installation

%é—‘g{ T AR B &k 5 Trillium Compact » # &2 CMG6TD ik B+ ehi B
BB T e b B L 8 120493 100 Hz 0 7 5 = dhe g A B B G o
B R Besrp B 5 750MoltUm/s 0 FF £ 05% A o H *M‘é« %32 /9.0cm-
3128cmz €8 5 12 kg 495> CMGBTD B & § 4eds i » 2 7 in
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TR 9-36 VoIt ¥ ik B ¥ 4% (78 & -40-60°C » & £ }£F 5 F 5 o[>t 160mW -
P At E Y 4T AIMEL 4 E DATA-CUBE® fie & T4 # & & Trillium
Compact & * o Jtie4r® 5 24 bit = A B> FTHRHEF ZE 4 50
100 ~ 200 ~ 400 Bt o &3+ 3 #45 * cf2sdr 2 & 5 15.258789 n\Volt (ADC Gain
16)~B’~+i TR TG A 20088 GPSHAE G lus TRERK L Ein T 5-24
Volt » 38 (742§ & 5 120 mWatt (B~1% & & £ 100 gL27 GPS & 30 4 44318 (¥ 5
& 48) (Bl 4.1.3-2) ° 3% & SAp $F % 5 7 7 ¢ CCUBE(#= & 5 Ethernet: 0.7
Watt ~ WiFi: 0.82 Watt ~ GSM < 1Watt) {7 I e B ‘f*'@ﬁ%] » FERE R B

iTengt 2 FAX

* Configure
 Datado

= Data stream check "™
oad * CubeMonitor

= o A B . ‘Monitor cable
Data cable drive): @ (com port):

Bl 4.1.3-2 Trillium Compact %47 # & % £? DATA-CUBE3 ik B % B

Figure 4.1.3-2 Display of broadband (BB) seismometer, data logger, cables
and GPS antenna

(2) =i #F ¥ & & (Short-period Seismometer, SP)

AFEREPEFREY Oz phe TR P E lii/éiﬁ'lgg KVS-300 - H73 p &
JEHE S L 1.9-21 Hz ~ JRé5cR & 5 0.8 Volt/em/s ~ 7 % 371 18/ & &
#]-20-55C - A #8% % 106 mm £ ~104mm % ~& 140mm- £ &  1.5kg>
B F e S 7000-7700 w4 ~ R 5 0.7 304 F ¢ * 18 i+ EDR-7700 #
PRSP ZCFFFPRRETEIR > B AT AR 24CB TR T Y
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B $5 100 gk —?5 1000 2L > 4 W] cH3E & 47 5 (corner frequency, fo) &
20Hz 2 200 Hz » Ap ¥t/ 2 o4+ B4 2 5 & 5 0.08 Watt 2 0.13 Watt - # i
Tk +§7g§a Bl 525V R E Rk 9-15V e H R84+ 5 £ 225 mm~ & 165
mm-~5 90mm- £ % % 1.8kg i &1 (TR R Rl -10-50°C - &) 4.1.3-3
BT el Bk 54 % EDR-7700 ~ 4.7 ~GPS X B fe g 35 -

HifbrosRas
EDR-7700

Bl 4.13-3 =&H &KFHRENF

Figure 4.1.3-3 Display of short-period (SP) sensors and data logger
(3) ¥ ¥ F (Geophone, G)

AL EHEFH FIER Y 2 pho MIEE B B (HG-6 A-Coil) » 2 7
RETHF S 45Hz» B R BAR B L 28 Volt/m/s » AT R824 5 & /& 25.4
mm- % 36mm-~ £ & ¥ 859 ¥ ik (T8 & 4 F = -40-100°C - fe & i * ege
4% % DATA-CUBE® » B 52k 2 5 5 4) 200 B ~ 2ehr B * 3 5 %
244.140625 n\olt (ADC Gain 1) - 4p i & B fic & 4o B 4.1.3-4 #7571 o

S9= 3c —geophone DATA-CUBE3 battery

’ \ = - N : "
2 ;v“]!‘ 2 »
SRt - s -
H o ¥ [
n i

- -r .
e s e

GPS-antenna

B 4.1.3-4 5 BB R EBRE F
Figure 4.1.3-4 Display of geophone (G) sensor and data logger
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FRAFRPFEFORAERIFEE AR 2472 F R TP
4T
(1) P

PEAE A 477 00 AL T ORI B R e RIS EE R
=A B P52 A Bl (Time-frequency map) > 7= ¥ 45 34 -k w2 Kk o

A EF A RIS p e # kg7 Stransform 4 47 (Chen et al.,

2013) > 3+ 3 i ¥ B BUE R 2 74 3 % & (power spectral density, PSD) - g
B AT B - S-transform = 2 R L e FEFE 2 EAaERFE C A4S
i BB R AT R MR RN A R AT T K2 0 BRI
ARTRREE T o iE- o FFRERIF AR L RERE AL &R
Ha R R RO FER . Sl Y Lﬁ"ﬁ%@%ié'z(‘if 0 B S i 47)
T E R S ML - o AP F R F 2 PSD T AT
BRK i e 308 y(t) 5 d & = 4 4 (Fourier transform)shan e 5 Y(F) 0 4o
;4131

Tr

Y()= [ yltle **dt (;% 4.1.3-1)

0

HP T i NG & R o 30 2 5 & fick/(NAYH &
= ﬁﬁ':ﬁifﬁ_ﬁr;‘ 4.1.3-2 -

Y, = Y(fAk—tT) (X 4.1.3-2)

He N 2o Aol TR i At 5 FTHEFFRTIE
(sampling interval) » ] N=T /At ® k=1,2,--, N-1- 2 F fiz #¥2 R
(P)¥ ™ % & 2 dRrtgienT 3 L % #c(normalization, 2At/N) :

P, :_|Y| (5% 4.1.3-3)

Bt B g Pt dB £ 5% (decibel ; PSDleXIoglo[Pk]) o d AR F IR
PR BRRROESTAHE =L miso R PSD 2 dB H i % dp e
(M/s)2/Hz o B] 4.1.3-5 5 g A 478 % > A3t d (4 FAL2 5 PO ) o P4 )

TR EE LI R PSD & ;_:lv.mév’nf%%w:’xpfg:ﬁvaﬁ o 4r B
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Figure 4.1.3-5 An example of spectrograms. Color indicates the intensity of
power spectral density (PSD)

(2) Fat B b 52 ik
%%ﬂ#%@%%%M$%ﬁ%%%$%ﬁ%%ﬂﬁ

(https://www.cwb.gov.tw/V7/earthquake/) > 4+ 3t 3= 3F-nk 2. 5 B 3 BF 2ig (7

Fhbplhinz dhe b B BWERITHRAL S TRER L EMAS S ER R

G0 B = e < B 4 B B9 403 B B (peak ground acceleration, PGA) - PGA
BV UEESFHE T IETLoITRY o

(3) % Wl wkin -2 3 4p i ST RIBHE

FAENE S TER T Rk 2 FRRE AR TLEZ
M DIMF A AR DA ZER F e e BT S X IAXIT
oo bW BRI R AR g B R 0¥ @ eEWR T RO B Y AT 3%
AEWTR D RN T PR PRSI 3 TR B
BT R EHPN NG RER R .

203 B fieeanz 2 3 o4p M S B (noise cross-correlation function,
NCF)> g £#5 p €3 v i # R il A F7 7 2 32 abﬂ?(Bensen et al.,
2007) > & {7 AR B 0T AL W R AR IR ST (D)2 f RBERR - AWT 5
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CFEB P RN B S EP

&8 R ARE ~ (2)1-bit R iEE T

v EiE

F 47 ARl A¥RsEBF

RIS S S A

@R A (A AR £ ETIE R
2 (1) PP A 75 % RiEP) o £ 3p

I AR jizfif(cross-correlation technique) ’

%’;.J_EE«'Z‘ iffﬁ—r} ’ "QK;»K :

A 24 (3/5)

Foiv ~ (3)4= g a¥ o #p 1+ (spectral whitening)

R PR R L e
ik g G d TR
Ey r'fﬁ'Jiv_Lgﬁ'i 4
E"%’?ﬂ % B A T K B
LI AM A KA L A®B » Eim

BB fr k4ot 41340 F)pt > % NCF B+ 2 (E JV I3 1 chpd /Y bt

(positive time lag) » * %

4.1.3-6) ©

A@)A B(t) = ¥c‘)A(z‘)B(t- t)dt

Active source
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T B R borfe sl KR R iRl AR 3Rk B (F]

(% 4.1.3-4)
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(At = large)
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Figure 4.1.3-6  Active and passive methods: ambient noise monitoring of
relative seismic velocity change (dv/v)
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Fab bl R3F 6 BRIEEEE F RN A4 0 RIF L RIEEH 2 NCF
S Y S RFR > XS BRI AT B NCF SRS G 24 g
Mo BRFIFIEFL L) LRlab2 B eny %R R § B Tk
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VoL Vo
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B @ YRR T - AR 00 E L BREL T 0 Tl AR R i) dvivo B B
B e g EL AP RAIFL(A) e FEEY P AL F AN E B
B AP IE Y 0 A A daaad R £ R D (B) 4.1.3-6) - Mainsant et al. (2012)
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Figure 4.1.3-7 Possible mechanisms for understanding the dv/v measurements
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Figure 4.1.3-8 Timeseries of dv/v, ground water level and precipitation
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~2- 3 g ¢ * f 3k 2 (stretching method, Sens-Schonfelder and Wegler,
2m®yﬁﬁ%a@m%ﬁ%%ﬂ§%%@ﬁﬁﬂoﬁi’ﬂ*%ﬁ%ﬂ%
FhE Pkl LT 4p Mo Bic(NCF) 2 po4p B 50 Bic(NAF) - g 3 JF 8 Bl
GEH fI* 5 3 »xe® pAp M )2 & P NCFs-NAFs & {7 514 dp e e g2
(linear stacking) » & # %3 w3t % 3 4p B & #c(reference NCF, RNCF)& %%
p 40 B 3 Hc(reference NAF, RNAF) - i&— # » 55582 £ B]=F P 4p B Sdikc
1 F Ap B Sl B enk L oo (coda wave)Z Bk Ap it ¥& pF 7 (delay
time, dt) » & F* pHPFF LA S8 NP HEAER S
(dviv)» B¢ 1 5@ %2 BT o FRY o= (B 41.3-9) 4354 4135
Bellg e g v P o 1B (R A A4 B R Z A PF) MAT R AP
T BRFTFEAHREARRS VL F O GBY AT 5

_dat _dv (4 4.1.3-6)
t Y

B g dtar B A2 RABENTARFRFRE  RATEERFN -
PlARSt R A2 R (AVV) 5 & L5 4136 f Bt i & o
d 3R F ] ETRREH LT e HMEE NCFe NAF> » B &
23N A gk o Flgt o AP B OBk kA MEINL LR G
Rayleigh wave ¥ 3+ & g & $£ 8+ (dv/v) 5 Rayleigh wave :# & % it o i &
Ak R R BRI(dVV) FEF fAp B S BB BT AR IR T A o B
AR BRI LRI pAPE SRR LS TS duiv 2RI % T
PR AT B ELREFEZ S 40 M 3 B(RNCF ~ RNAF) 2 4p B &
#(NCF ~ NAF) = 4p 2 B et 1Y 2 3 4p B 72 #c(normalized cross-correlation
coefficient - NCC)i¥ % dviv %2 ¥ 3 7} Y (B 4.1.3-9) - B = NCF
27 NAF & w4 * e NCC P8 % 0. g P REES Y NCC B
R PHEE R T (S 3
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Figure 4.1.3-9 The flow chart of dv/v measurement by using the stretch
method. Black and gray lines show the reference and daily NCFs, respectively

(6) % & RIFR AR R A

d 3 Fom bk 2R XA e )3T 4 4 (Shear wave, Vo)iE B A i
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B3E AT FENSE R @R R T HERETL A L ﬁﬂﬁﬁfilﬁa
% (dispersion) o A3+ % HiE BRI FAE S fo Rl 0g FIA gk @ %1 (dviv) -
ﬁz%%&ﬁ@&%ﬁ%%o%ﬁ4l&m’&ﬁ@%2HZ@%%3%@
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1o REF FAEFLE BT KR FEREE  FY BB 4137 BT
BEOREG R IENAHRAZRR(AVV)E M FEASEEF R IF
BRACR BRAFTZEM dvlv 1V 28 B3 & S0 T Rizg 8L 20FR 4%

FEE 0 R dviv g Bl A BAFERE T R RR 0 NPT 4R
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Mo LR RTAERR c FEIPT e A 0 T4 L E (Vo)
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(Obermann et al., 2015)

Figure 4.1.3-10 Surface wave sensitivity kernels as function of depth for a
specific frequency range
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2 Finier o do@ 413-11 417 (1) PAERS THESRERE AT A
4 z2_iv* 4 (Tsal et al.,, 2012)% (2) % /nie* £ R R A FSERPIE £ 0 A
4 e pF4s w4 (drag force) 2 -2 # (lift force) (Gimbert et al., 2014) > F i i®
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Figure 4.1.3-11 (Left) Cartoons showing the seismic wave generated by
sediment transport and turbulent flow. (Right) Example of the hysteresis trend
between the river stage and seimic ground vibration
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IzEFODZzmei (5% 4.1.3-9)
P

Fi)sd &= i is FOE A 2mw o B FR)IF* 23 B X =% » %

Br Rl XRE etz b d B dT 5 ult) b # ik R L prph (v
* 4 2 [l ,‘4%’\;;? BT Lk T AT

ulf,x) =2pifF (f,x,)G(f, x; %) (% 4.1.3-10)

d L Rk s TERFAKY RABRERIS pi 5 kT3 4
R > Blg = (Rayleigh wave) 2. # 1k & #i(G)® 4 7 4o

IG(f,x;xo)I@ﬁ«/pikre'pf“(%Q) (5% 4.1.3-11)

v

HP v 2 v A H 57 2 4pid B (phase velocity ~ w/k)2 #:& A& (group
velocity ~ dw/dk) - Q % Bt ZLsE 4 % & S8k > kK 5 /4 #(wavenumber -
=20tV T G Bl EE X %:“a‘%;;z‘?f ¥ Xoz FREd-F RIS HFRE 75
FHETD S D AN T RFE R ERERE Y 2R R G F 2k
(n/t)® 2 o1 4o 5N

n_CWgq,,w X
2= 7 4.1.3-12
ti V;Ube iy )

HY CEN2BGLAEMFREE V& WS FPETR - FARTIH2Z
s Tk i‘ i# & (Up; depth-average bedload velocity)z. ‘&5 % 77 ;84T :

* 60.56

Ub:1.56‘/RgD?F-1+ U EU & 4.1313)
el, (4]
Hoe s Rokinmd U2 A% Uy Us8Iu (Hk) o H 4 -kigE
K B Bk A ekt 5 317 4 fT(3Ds) © RAERL 2 353 ehFB T AR
T4 FERU)T & 74T
u =./gHsing (3% 4.1.3-14)

0P Hh gits itk -RIAMETA E(pep)lps) o AT
s 4 (T, Shields stress)™ % 77 4 :

*\2
£ = %‘gﬁ) (5% 4.1.3-15)
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7 413-12 7 FER T 52 KR {4 % & (Hy, depth-average bedload layer
height) 5% ;% % 77 4o :

*

H, :1.440(%- 1%, H, £EH ;¢ 4.1.3-16)
BPKFEHZ A3 Hyo i Hy P et T30®id B 47 &
o H _ H,w,cosq
S X -
F e 2log& w10 41317

H P wg (¥ 25008 i & terminal settling velocity):

=J4RgD/(3C,) (7% 4.1.3-18)
Cq (drag coefficient) i & < 73+ 7 = #c(Reynoids number, Re)£ 4k 4=
Aw g kis D 4>t 0.01-06 m~Cy 2#c /i >t 05-1.4 - 58 41.3-12 ¢ L F)3F
feofe i D ¥ 2 B B0 A Y £ (Qop) & P A 41 £ (b, total bedload flux)
ek 3V 4 oo 4o 4.1.3-19:
9, = O dD #* 4.1.3-19)
D

JHEQTE AT EIRRT MLk B A TVERZE TR A
R ACHEE Touk
qbc:5'7\/RgD§0 (t*' t:)w (5\: 4-1-3'20)

A2EE R gk S A # B s T raised cosine distribution | 0 #_& 4T

p(x;ms) = -s<x- NMKs

(% 4.1.3-21)
p(x;ms) = O, otherwise

’F’ = u _3‘-5-%@7.1 i’]lg ~ S I'}?A}vv/{l‘-ﬁ- %ﬁ*ﬂi} (Gg) &g ) &g ]/J Z\'/T"&‘—"T:

s=s,I\1/3-21p* X 4.1.3-22)
BB T kT S lies w1 log-raised cosine distribution p(D)4r 3¢ 4.1.3-23:
p(D)=p(log[D];10g[Dy,],5)/ D (5% 4.1.3-23)
G = 4,P(D) (¢ 4.1.3-24)
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P T ERFETRAED I RER B2 TR P(RD) 5

B(f:D)= O 2u(f) dx, (5% 4.1.3-25)

River “i
PR B A 2 & T D e Foid B B A PSDYN

PSD"" = OP.(f;D)dD (3% 4.1.3-26)

D

AT EY G ARG A BRI WA BR PRI
# (flow velocity fluctuation)is & 4 % £ % 4 (drag forces)(® * %+ & % f
AFPIRA L B A IRE > RARGLSD BIRP AT EET - R T
Pl BAIUEL S ) BOE A & X Y 3R & % & (turbulent flow
intensity) 2 & # A% 4+ ks 2 e kB (K, bed roughness, 3Dsg) » ¥ 14 f§ B 4 iE
3\ 4.1.3-27:

PSD™ () WH Tk )y ,()F,(l® (+* 4.1.3-27)

HP WS g adk Bz i 2 2L8P R RBFE- O, 5 2 BAHK
BT $s PSDM ﬁ?ﬁﬁ%%@‘rﬂi VR4 R TR 4 PR T 0N e 5
BF RHEABF RS RA ST M A L E 2T M EE & U (bed
shear velocity) F & ¥ %o &7 7 % :EI0 % 24 4 3L #3558 ¥ i (PSD"™)
2k B(PSDPNON i B R R AN R AR F B & Qe
AR EE g R EPk N 4133)E A GEL A E o

S
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D007 %3 4u 108 # 4 % 18 p ~5% 31 p ~7 7% 25p ~8%* 5p »
871 27p ~10% 18 pr 11l » 7 p iRl > F5 RTK £ AL &
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i 0 A 108 & 9 7 FEERR 0 RASH-aL T AZiE 200mm p Ea o
Ay AL AR 2 R EhELp] 0 20190827-20191018 § A2 £ 4rB@) 4.2.1-3 #row o

ftiﬁ‘uﬁ VA s EhTHL-
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Figure 4.2.1-1 The measurement points of Fanfan site
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Figure 4.2.1-2 The distribution map of measurement points of Fanfan site
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Figure 4.2.1-3 The height offsets between 20190827 and 20191018 of Fanfan
site
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Figure 4.2.1-4 The distribution map of static baselines and sites of Fanfan site
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Figure 4.2.1-5 The offsets from baseline measurement between 20190827 and
20191018 of Fanfan site
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Figure 4.2.1-6 The vector diagram between 20190827 and 20191018 of
Fanfan site
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Figure 4.2.2-1 TDR deformation reflection signals of 108-D007-2T (updated
until 2019/11/21)
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B 4.2.2-2 108-D007-3T TDR % Bl 25 (£ 1 108/11/21)

Figure 4.2.2-2 TDR deformation reflection signals of 108-D007-3T (updated
until 2019/11/21)
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Figure 4.2.2-3 Historical record of peak reflection signals of TDR deformation
of 108-D007-2T (updated until 2019/11/21)
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Figure 4.2.2-4 Historical record of estimated deformation amount using TDR
signals of 108-D007-2T (updated until 2019/11/21)
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Figure 4.2.2-5 Historical record of soil volumetric water content of
108-D007-3T (updated until 2019/11/21)
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Figure 4.2.2-6  Historical hourly record of groundwater table elevation of
108-D007-1W (updated until 2019/11/04)
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Figure 4.2.2-7 Historical hourly record of groundwater table elevation of
108-D007-4W (updated until 2019/11/04)
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Figure 4.2.3-1 Distribution of seismometers

ARERFENGETIER D BFENRANFTRIEITTEE S p b
Tt o Flpt & S B (G)RE 0 RS G L RIEE P op A PR S s
7 (NAF) » &% 562 2R dviv F R > o & & 0 AT B 447 0 3
1) deFn s edivz Faid iz ~2) fEF4pik dviv iV FPedH
FIER M R 3) dulv BB TR B2 B o 55 TR R T g
BRAL 0 ARk AR S V01 & VO3 g%g« it byl o d A
BTN RN AR AR RIS R R § R § R dviv

BRl 2 7 e GReplabx K ant BT R R £ R R B RS
Bos BER R F i) o F]pt AR E AN Ba b % 2 V06 L %Y R

oo Plmipl sk % KATR 4 B BT 3T ] 4.2.3-2 21 B 4.2.3-3

t?i’éii% s 156 B piEs A PE T IREmT

praton B Woler EOnment Reseoich Conter




& momend B HE R i 4 15 11 S S R B A 5 947 (3/5) Hi kIR

Installation Procedure

B 4.2.3-2 plzk V01-VO03 3+ %3+ -~ DATA-CUBES 2t ¥ 3c 4 B fic ¥ ]

Figure 4.2.3-2 The photos show the installation of geophone (G) and data
logger

Installation Procedure
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Figure 4.2.3-3 The photos show the installation of geophoon (G), raingauge,
broadband (BB) sensor and data logger
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Figure 4.2.3-5 Histogram and boxplot of PGA data at the Chexinlun and the
Fanfan sites
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Figure 4.2.3-6 Display of daily rainfall and NAFs. Horizontal dashed lines
show the occurrence time of TDR movement. Black traces indicated filtered
RNAF

) %5 AIFHR2ERTR AL

FiEa AT P NAFS Sndice 3 BHEFFERY 7 3 FARRZ AP
FRopiphonde? LARRMEE CHRtd @ﬁ FITN AR R o
Flpt o BTG AR G F A A RS RA BEREEF BT BIFR

rﬂfﬁ%wo¢ﬁ@ﬁﬁa}%ﬂ@%ﬁﬁ*“”*ﬁﬂj BE *wﬁﬁﬂ
FRE AV F o B 413-7 ¢ A& ardviv BT i F s Tk
et R R 2P E L EROEME R G o ER TR
108-D007-2T § P agendide {7 5 > #F 4 2303 TR & 48-50 m > @ 463
108-D007-1W :: 108-D007-4W *t & F 7r2e45 3|3 TR g § 2m eng i o
AtE w2 B Bk V0L & VO3 'k 2y ok £y W 2 ah V02 %
%= ¥ §% t4Fat 108-D007-2T ¢ 108-D008-3T 2 f¥ o )yt > ML% s
FH R g 2 A G MR EIER M o DN i dviv 1
Bl Tokirg 2 G E TR AP .

- . 160 B piEs A PE T IREmT

Deoster 7




AOBBR h R B R & P 3R 3 35 11t SR EE R R B AR I 0 AT (3/5) HARMES

@r%aﬁﬁﬁﬁﬁﬁAﬁ%a%3%%%%%#&1?4%ﬁﬂ
(Vs) o it ] & o 47 H#-fx * 40 R E 2 A m L RBIE R KD Vs
%ﬁ’“”’%%mw%»ﬁowvm s b ARITEE kg AR
P2 2 RBECA A RER N A 45m =B o Tt & 3 45m i B - AR
M FEGHERE - A S F LT H T L FRET U
BE A AHz » RS 20Hz A B 0k iR R 5 5m (B 4.2.3-7) -

S-wave velocity [m/s] Sensitivity Kernel Frequency [Hz]

0 100 200 300 400 500 600 700 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0 8 12 16 20 24 28

4

0 I i S Al
5 T .
-10 |

-15 I

-20 | |

25 |

230 |

35 | '

-40
-45 {TDR Sliding Zone
-50
-55 4
-60
-65
-70 Extrapolation
<75 1 e
.80 S

B 4.2.3-7 108-D0O07 "= 34k Bl=k V02 2. 4 o A HAE 2/ FR AR B A 1758
N

measured

20 Hz
14.28 Hz

5Hz

Depth [m]

Figure 4.2.3-7 Analysis of sensitivity kernels of Rayliegh wave phase velocity
at specific frequency are computed with layer model of shear wave velocity
(Station V02)
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Figure 4.2.3-8 Analysis of sensitivity kernels of Rayliegh wave phase velocity
at specific frequency are computed with layer model of shear wave velocity
(Station V01)
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Figure 4.2.3-9  Analysis of sensitivity kernels of Rayliegh wave phase velocity
at specific frequency are computed with layer model of shear wave velocity
(Station VV03)
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Figure 4.2.3-10 dv/v measurement of Station V02 at D007 Fanfan site
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Figure 4.2.3-11 dv/v measurement of Station V01 at D007 Fanfan site
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Figure 4.2.3-12 dv/v measurement of Station VO3 at D007 Fanfan site
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Figure 5.1.1-1 Typical soil-water characteristic curve and hydraulic
conductivity function (Fredlund and Rahardjo, 1993)
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Figure 5.1.1-2 Mohr-Coulomb failure criterion for unsaturated soils (Fredlund
and Rahardjo, 1993)
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Figure 5.1.2-1 Relationship between the orientations of discontinuities and the
behavior of deep-seated gravitational deformation (Chigira, 1992)
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Figure 5.1.2-2 Relationship between confining pressure, rock thickness and
the behavior of deep-seated gravitational deformation (Jaboyedoff et al., 2013)
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Rupture
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B 5.1.2-3 £ 4% &% 7 5 (Goodman, 1989)
Figure 5.1.2-3 Creeping behavior of rock (Goodman, 1989)
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Figure 5.1.2-4  Berger model: mechanical model on the left and the
relationship between strain and time on the right (Goodman, 1989)
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Table 5.1.3-1 List of commonly used numerical simulation software and its applicable conditions
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Figure 5.2.3-1 Scenarios setting of rainfall-induced landslide
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Figure 5.2.4-6 Horizontal displacement distribution of slope creep analysis
(current condition)
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Table 5.2.5-1 Numerical simulation scenario of D007 Fanfan site
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Table 5.2.5-2 Material property and terrain data of DO07 Fanfan site for
RAMMS simulation
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Figure 5.2.5-1 The flow height of RAMMS simulation for different time series
in D007 Fanfan site
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Table 5.2.1-1 Simplified strata parameter table of D008 Chexinlun site
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Figure 6.2.3-1 Spectrograms of Station V03
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Figure 6.2.3-2 Spectrograms of each station located at the Chexinlun site. Red
rectangle highlights the typhoon period
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Table 6.2.3-1 Parameters used to perform model prediction

Seismic Parameters
Veo(mM/s) 1224
a 0.272
Qo 36
ro(m) 480
River Geometry
0 (°) 0.62
W (m) 60
Dso(m) 0.03
gy 3.0
s (kg/m®) 2650
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Figure 6.2.3-3  Spectrogram of Station VVO1 and time series of water level
recorded at Chingshui River Bridge
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Figure 6.2.3-4 The scheme of seismologically monitoring of the bedload flux.
(@) Hourly PSD and water level, (b) hysteresis analysis, (c) Observed
(gray-color scale) and predicted (blue) PSD and (d) Inverted result of bedload
flux
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Figure 6.2.3-5 Spectrograms of Stations V01 and VO1G and time series of
water level
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Figure 6.2.3-6  Three-componenet accelerograms induced by earthquake with
seismic intensity 3
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5-15 bandpass filtering V02-V03 pair
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Figure 6.2.3-8 Normalized daily NCFs of station pair of V02-V03. Black trace
iIs RNCF and blue histograms show the daily rainfall

V02-V03 station pair 5-15 Hz bandpass filtering

380 L e R S R R R R

Julian Day (2018)

Il u..i.lhw ;

4 6 8 -400 -200 O

aB
iy o L..Lulll....i.lhlu..

Julian Day (2019)
g

90 : ! i ; ; i RNCF

4 5 6 7 8 -400 -200 0
-:(‘):- Time [s] Daily precipitation
-1 1

Normalized amplitude

B 6.2.3-9 108 # & # . 4 33 107-D008-V02 ¥2 107-D008-V03 i#] =k %+ 2.
5-15Hz % p NCFs > 4-8 #ipF R % ©

Figure 6.2.3-9 Normalized daily NCFs for a specific time window of 4-8 sec
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Figure 6.4.2-5 The variation of safety factor of potential slide block at D008
Chexinlun site
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Table 6.4.2-3 Slope stability assessment Results of D008 Chexinlun site
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Figure 6.4.2-6 The stability assessment result of earthquake scenario
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Table 6.6-1 Numerical simulation scenario of D008 Chehsinlun site
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Figure 6.6-1 The flow height of RAMMS simulation for different time series
in D008 Chehsinlun site (A; fixed bed model)
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Figure 6.6-2 The final deposition height of RAMMS simulation in D008
Chehsinlun site (A, fixed bed model)
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Figure 6.6-3 The maximum flow velocity of RAMMS simulation in D008
Chehsinlun site (A, fixed bed model)
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Figure 6.6-4 The flow height of RAMMS simulation for different time series
in D008 Chehsinlun site (B; fixed bed model)

B wi@is A @ T2t




AR BR h R B P IR 35 1E SR B BRI R B TR I D AT (3/5) HRBES

213400 214100 214800 215500

& 51

[CJsvwsu e
[ msesese
RAMMS 1552 £ 34 TR )]
N 0.01-7.00
N 7.00 - 12.00
1 12.00 - 24.00
: [0 24.00 - 36.00
P SRS 1 36.00 - 42,500
42.50 - 56.00
7777 56.00 - 64.00

0 200 400 800 -~ .
Meters ' I 64.00 - 75.00
- s ;“L- s

213400 214100 214800 215500

B 6.6-5 D008 # = & H-4t Bf 3.4 B-RAMMS #ic & #¥t 3a ## Bl (2 k)

Figure 6.6-5 The final deposition height of RAMMS simulation in D008
Chehsinlun site (B; fixed bed model)
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Figure 6.6-6 The maximum flow velocity of RAMMS simulation in D008
Chehsinlun site (B; fixed bed model)
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Figure 6.6-7 The flow height of RAMMS simulation for different time series
in D008 Chehsinlun site (B; movable bed model)
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Figure 6.6-8 The final deposition height of RAMMS simulation in D008
Chehsinlun site (B; movable bed model)
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Figure 6.6-9 The maximum flow velocity of RAMMS simulation in D008
Chehsinlun site (B; movable bed model)
263 FAEEA P T A2 RER A

Lbe s PN
B5 K AR BB R F >

‘Disoster Preventon 8 Woter Enonment Research Conter




VROBER R B SRS PR IR 35 1E SR B BRI R B TR I D AT (3/5) HRBES

213400 214100 214800 215500

& 51
[ so#suwm
[ masesese

g RAMMSE R
Meters I RAMMSE RIS 5}
: 3 ‘ ,..L.

213400 214100 214800

0 200 400 800

B 6.6-10 D008 & «= & 31t B 42 4. 48 B-RAMMS %5k £7 # F Bic e s B2
#° [Fl v R
Figure 6.6-10 The comparison of influenced area between fixed and movable
bed model in D008 Chehsinlun site (B)
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1. Summary of project achievements
(1) Hydrogeological investigations on Fanfan site (D007)

(a) Through data collection and multi-period aerial photo stereo pairs, the
project can understand the current status of the Fanfan site, topographic
changes, collapse history and regional linear distribution, and then
cooperate with surface geological survey to establish the geological model
of the site. The lithology of the upper slope is metamorphic sandstone splint
slate with gentle dip angle. The lithology of the lower slope is slate, and the
cleavage shows a high dip angle of about 70 degrees. No direct evidence of
the Niutou fault was found during the investigation, but the lithology does
show In the case of discontinuity, the results of the ERT (Electrical
Resistivity Tomography) are also discontinuous, and the resistance values
are significantly different. Therefore, the possible position of the Niutou
fault is estimated from the ERT profile. The area can be divided into five
layers, which are metamorphic sandstone splint slate (Mss), slate layer (SI),
alluvium (a), colluvium (Col), and Debris fan (f).

(b) In order to understand the hydrogeological characteristics of the Vatican site,
the project carried out two down-hole investigations, four geophysical
detection lines (including ERT and MASW [Multi-channel Analysis of
Surface Wave Method]), and 25 groups of laboratory tests. The "point™" data
IS upgraded to "line" and "surface" information, which can be applied to the
construction of hydrogeological conceptual models of the site, as well as the
establishment of geological sections of the site and hydrogeological
characteristics of the various layers.

(c) There may have been two slope failures at the Fanfan site. For the first time,
after the plate movement was lifted, the Lanyang river cut down, leaving the
slope at the Fanfan site exposed. The slate on the southeast side was
deformed by gravity. Flexural topple caused the slate on the lower slope of
the site to be broken and the cleavage status was chaotic. The second time
was the failure of the upper slope metamorphic sandstone area, and the
possible failure mode was slump.

(d) According to the topographic map of 1916, the topography of the Fanfan
site has not changed much. The following slope erosion trenches already
exist. In the past 40 years, most of the slope damage has been concentrated
on the site's lower slopes and slate areas with early gravity deformation.
There are few collapses on the upper slope side, and there is only local
collapse on the north side of the agricultural road near 108-D007-2T in the
area near the slope.
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(e) A quantitative and cost-effective model for estimating in situ hydraulic
conductivity (Hsu et al., 2019), which is applicable to various geological
environments in Taiwan mountainous areas, is validated through the
comparison against results from three single packer tests of borehole
108-D007-1W. The verified model is subsequently used to obtain the
continuous hydraulic conductivity profile along borehole 108-D007-1W.
These computed hydraulic conductivity data enable to provide detailed
hydrogeological information for the use of groundwater modelling and help
characterize hydrogeological characteristics in the active landslide site.

(2) Three-dimensional hydrogeological model on Fanfan site (D007)

(@) This project was integrated the digital elevation maps, on-site geological
survey, the investigation results of downhole loggings and in-situ
monitoring data to develop a reasonable three-dimensional hydrogeological
model for Fanfan landslide site. According to the aforementioned
information, totally four simplified geological layers such as soil layer,
colluvium layer, landslide mass and bedrock (included Lushan Formation
and Sulin Formation) were assumed to represent the overall geological and
topographic conditions of the research site. External boundary condition
were based on topographic divides considered to be coincident to
groundwater divides, the actual rainfall data was specified as the infiltration
boundary to the ground surface. The bottom boundary was applied as the
impervious boundary; the south side boundary representing the existing
stream- Lanyang River was specified to fixed head boundary; others
boundaries were assumed to no-flow boundaries. After the model validation
process, a systematic three-dimensional groundwater flow model combined
with various laboratory tests data and double packer test was developed
successfully to analyze the processes of rainfall infiltration, and assess the
unsaturated-saturated flow interaction of Fanfan landslide site.

(b) The plan uses the aforementioned observation data for model analysis,
completes the preliminary calibration of the model, and obtains
back-calculated parameters and steady-state groundwater flow fields. In
addition, the analysis results include the three-dimensional groundwater
flow field with normal groundwater and high groundwater, and the spatial
distribution of soil water content. The related results provide subsequent
slope stability analysis.
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(3) Slope activity evaluation system on Fanfan site (D007)

(@) In order to clarify the activity of the Fanfan site, the project plans to
construct an observation system for observing the activity of the slope. The
observations include: (i) Surface observation system, which contains more
than 200 RTK observation points and one measurement line by total station.
(i) Underground observing system, including a set of shallow soil water
content (108-D007-C01, co-station with 108-D007-3T), two groundwater
level wells (108-D007-1W, 108-D007-4W), and two sets of TDR sliding
observation equipment (108-D007-2T, 108-D007-3T). (iii) Ground motion
observation system, including a broadband seismograph (108-D007-V06)
and five geophones (108- D007-V01 to 108-D007-V05).

(b) Static baseline survey is new work for surface observation systems this year.
The multiple baselines constraint can provide the relative distance of each
station, which will help to analyze the variations before and after the event.
For the Typhoon Mitag event, combining the original single-frequency GPS
data, campaign GPS sites, and RTK static measurements, there were clear
trend of southeastward movement and subsidence in the upper block of
Fanfan. It could reach several centimeters.

(c) Observation results of shallow soil water content show that the shallower
water content will reflect the impact of rainfall infiltration in advance, and
the rise and fall of water content in the shallow layer will be earlier and
have larger changes. The change in water content in the deep layer is
relatively gentle, and it takes several days to respond.

(d) The groundwater observation results show that the rate of groundwater
elevation will vary depending on the infiltration rate and the normal
groundwater level. For example, the groundwater of the upper slope
(108-D007-1W) reaches its maximum value about four days after the
maximum rainfall. The groundwater of the slope belly (108-D007-4W)
reached the highest value within two days after the maximum rainfall.

(e) TDR slope monitoring system has successfully observed the slope
deformation at the 108-D0072T site. The slope deformation was found to be
located within the shear zone of the 108-D007-2T borehole. The peak
reflection coefficient of the TDR signal reflected the trace of slope
deformation within several days after two relatively heavy precipitation
events, which may serve as a case reference to the three-dimensional
hydrogeological model validation and micro-tremor monitoring.

(f) Three types of instrument including the broadband (BB), short-period (SP)
and geophone (G) velocity-type seismic sensors are used in this study to fit
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the different monitoring purpose. BB has been applied to understand the
time-frequency characteristics of ambient noise. SP and G provided the
seismic records of moderate-to-large sized earthquake, which can lead the
comprehensively understanding in the effect of earthquake forcing.

(9) The seismometers are deployed outside of landslide and located at the
landslide site. For the outside stations - the relative seismic velocity change
(dv/v) in the medium could be derived by noise cross-correlation functions
(NCFs) of two stations. Howerver, the complex topographic change along
the wave propagationpath of station pair leads attenuation effect in seismic
wave generation, causing the poor quality in NCFs. Based on the results of
106-D160-Chashan site and 107-D008-Chexinlun site, the quality of NCFs
would be improved by using the high-sensitivity broadband seismometer.
For the on-site stations, we computed the noise auto-correlation functions
(NAFs) of single station equipped with BB, SP and G type sensors. Our
study suggests to use low-cost sensor (G) due to the limitation of project
budget.

(h) Results of the relative seismic velocity variations (dv/v) can be derived from
the methods of station pairs and/or single station. Resulting of dv/v of two
stations represents the mean value along the wave propagation path: for the
106-D160-Chashan site, the 2% wvariance in dv/v can be measured
corresponding to the groundwater level (GWL) of 10 m variance (station
pair of V03-V05); for the 107-D008-Chexilun site, there is the GWL of 2 m
changes, coinciding with the 0.5 % of dv/v variance (station pairo f
V02-V03). The dv/v results derived from single station indicate the changes
of subsurface medium beneath single station: for the 107-D00-Chexinlun
site, the dv/v reduction of 1.0 % can be measured during the GWL of 2.0 m
increasing; for the 108-D007-Fanfan site, 0.5 % dv/v drop relates to the
GWL of 1 m increasing. Our study concluded that the method of single
station can provide better understanding the relation between dv/v and
GWL.

(i) Based on the dv/v resulting and TDR measurements observed at the
108-D007-Fanfan site, Our study noticed that the dv/v increasing before the
TDR movement, and then decreasing after sliding movement. Finally, the
dv/v value recovers a few days later. Aforementioned pattern of temporal
changes in dv/v can be clearly observed in the frequency bands of 2-6 Hz
and 6-10 Hz. The origin of such dv/v measurement is inferred at the depth
21 m as the basal sliding interface. Our study also observed similar pattern
in dv/v of V04 single station at the 107-D008-Chexinlun site, especially for

N
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107-D008-4W - our study expect that dv/v observation can be related to the
sliding behavior locate at shallow sliding interface.

(4) Deformation mechanism analysis under dynamic hydrological condition
(D007)

(a) Through literature review and the characteristics of the Fanfan site, this
project uses HydroGeoSphere software for 3D groundwater flow system
analysis, GeoStudio software for shallow sliding analysis, FLAC software
for deep-seated sliding analysis, RAMMS software for downslope impact
assessment.

(b) The results of shallow sliding analysis show that: (i) in the normal and high
water level scenarios, the safety factor obtained in each zone is greater than
1.0, and the initial judgment belongs to the relatively stable state; (ii) in the
earthquake scenario, the A1 mass in LM may slide, the volume of Al slide
is about 1,639,650 m; (iii) when the water level of the 108-D007-1W rises
to 21 meters below the surface or the PGA exceeds 290 gal, it may cause the
local landslide.

(c) The results of the deep-seated sliding analysis show that the creep rate of
the first stage of the formation in zone A is about 11.9-22.5 mm/year and is
currently in the second creep stage with a creep rate of 1.8-4.1 mm/year.

(d) Based on the above analysis results, this project further evaluates the
influence zone of the potential sliding mass of Al on the downslope. The
analysis shows that after the destruction of potential sliding mass of Al,
there is no direct impact on the YingShih village.

(5) Continuation observation and refined analysis of Chexinlun site (D008)

(@) According to the observations (the monitoring began in July 2018), no
significant changes or trends have been found in the Chexinlun site.
However, in the August 2018 rainstorm event, the shallow soil water
content increased by about 8%. The groundwater level was raised by nearly
2 meters, and the apparent signal enhancement was measured.

(b) The three-dimensional groundwater flow field analysis of the Chexinlun site
compared the 107-D008-3WT groundwater level. The results show that the
groundwater level elevation simulation is similar to the observed water level
history. In order to understand the influence of the main parameters
(permeability coefficient, porosity and specific water storage coefficient) on
the groundwater level and soil water content, the sensitivity of the project is
analyzed. The results show that the permeability coefficient is the elevation
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of the groundwater level. The sensitivity is the highest, followed by the soil
moisture characteristic curve; for soil moisture, the sensitivity of porosity is
the highest, followed by the soil moisture characteristic curve.

(c) The two-dimensional stability analysis  further establishes a
two-dimensional rainfall infiltration-groundwater seepage-slope stability
analysis model, and analyzes the model through shallow soil water content
and groundwater level. The results show that the MAE of shallow soil water
content and groundwater level is 1.01 % and 0.477 m, respectively, and the
MRE is 3.70 % and 3.47 %, respectively. The aforementioned MRE are all
less than 10%, indicating that the analytical model fits well, and the
calibrated hydrogeological conceptual model is sufficiently representative to
perform subsequent scenario simulations and correlation studies.

(d) For the Chexinlun landslide site, the large-scale landslide regions with
collapsed volumes of 1.14x10° m* (region A) and 2.74x10° m® (region B)
would be probably triggered by the GWL and seismic forcing. The triggered
thresholds of GWL and ground shacking are 18 m and 300 gal, respectively.
Based current observations of comprehensive monitoring system, there is no
movement during the monitoring period. The dv/v measurements exhibited
the largest reduction of about 0.5%, coinciding with the intense rainfall.

2. Suggested issues

(1) Advancement of seismic wave-type large-scale landslide investigation
technology

(@ The advantage of single station method can provide the
frequency-dependent dv/v measurement. The dispersion characteristic of
surface wave can help us to understand the relationship between signal
frequency band and corresponding depth. In order to understand the range
of Rayleigh wave penetration corresponding to the different frequency
range, our study computes the sensitivity kernels as a function of depth for
fundamental mode using the shear-wave velocity structure (vS model). Our
study suggests that the vS model is needed and should be included in the
work of geological investigation, which can be derived from PS logging
and/or surface wave seismic exploration. For a better understanding and
monitoring the landslide sliding behavior and GWL, our study suggests that
the lower corner frequency of instrument response should be lower than 2
Hz. In the future, seismic monitoring technique can constraint the spatial
extent of basal sliding depth and GWL in a non-invasive, continuous, and
relatively inexpensive way.
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(b) Our study applied the seismic technique to monitor the behavior of river
sediment transport, which plays an important role for the landslide site with
the high potential failure casued by river erosion. We conclused that the
seismic monitoring technique of river sediment transport should be included
in the specific landslide site. Indeed, the further field investigation is needed
for estimate the river bedload flux, such as fluvial parameters: channel
width, water depth, riverbed slope, and grian size distribution.

(c) Additional two seismic techniques for the landslid monitoring would be
explored in the following project: (i) A polarization analysis of seismic
ground vibration can advance understanding the trigger mechanism of
earthquake forcing effect and activity of geological structure (e.g., fault and
fold); (ii) detection of tremor activity occurred along the potential sliding
region. BB seismomer is well performace to fit the aforementioned
monitoring purpose.

(2) Recommendations for supplementary surveys, continuous observations,
and feedback analysis (D007)

(a) As there are slope deformation monitored at the 108-D007-2T borehole,
quantitative analysis of the slope deformation should be performed and
calibrated with the in-situ SAA monitoring as soon as possible. Since the
effective cable system sensitivity parameter adopted for the deformation
estimation from TDR signal was derived from laboratory scale studies, the
predicted deformation may differ from that in field. This is especially
important when the large deformation causes the casing for SAA device to
be sheared and no longer capable of allowing the SAA to pass through,
continuous deformation monitoring may still be feasible through the
estimation by TDR slope monitoring system with a site-specific cable
system sensitivity calibration.

(b) There is no groundwater observation well near 108-D007-2T. The reported
water level change is the result of numerical simulation. It is recommended
to add a groundwater observation well near the 108-D007-2T to clarify the
correlation between rainfall, groundwater level and slope deformation.

(c) Although the observation results at this stage can initially explain some
phenomena, the observation data period has not reached a hydrological year.
It is recommended that observations be continued. It is expected to obtain
more representative parameters, improve the accuracy of model analysis,
and establish a model and interpretation theory for the evaluation of sliding
behavior.
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